ceptors would have to operate at considerably less than
ceptors would have to operate at considerably less than saturation for the great majority of events. At the other from their nearest neighbors? Third, how likely is it that an individual bouton will possess a single active zone? extreme ( Figure 1D ), one might imagine that the concentration of glutamate in the synaptic cleft consistently Figure 2A shows a fluorescence image of FM1-43-labeled puncta obtained by confocal microscopy, susaturates the receptors, driving the response to a near maximum level, but that variability arises nevertheless, perimposed on a differential interference contrast image that highlights the underlying postsynaptic dendrite. The because the maximum level itself varies (indicated by ↑↓). The maximal capability of the postsynaptic receptor dye-labeled punctum on the right is compact and nearly circular, with a diameter of ‫1ف‬ m in maximal cross ensemble might vary for a number of reasons, including desensitization by previously released transmitter, resection as determined with confocal sections taken every 0.3 m along the optical axis. In contrast, the fluoresceptor phosphorylation-dephosphorylation by intracellular kinases and phosphatases, or insertion and degracent punctum on the left is clearly not circular but has the shape of a "∞" symbol, as if two round objects dation of postsynaptic receptor proteins. Thus, EPSC amplitude could vary despite postsynaptic receptor satuwere positioned very close to each other. Both types of puncta were representative of a large number of ration for individual synaptic events. These hypotheses FM1-43-labeled structures. delimit a range of possibilities, including more compliTo obtain detailed information about the spatial districated scenarios in which neurotransmitter concentrabution of fluorescent puncta and their relationship to tion and maximal current capability both vary signifiindividual boutons, we performed a quantitative analysis cantly.
using an anti-synapsin antibody to stain presynaptic structures (see Experimental Procedures). The immunoSpatial Distribution and Morphological Nature cytochemical approach was chosen in preference to of Fluorescently Labeled Puncta FM1-43 staining to avoid any possibility that some termiOur previous studies Tsien, 1995a, 1995b) not shown) and in previous work (Ryan et al., 1993) . microscope. Single boutons were typically ‫1ف‬ m across, and ‫%08ف‬ (29 of 36) of the boutons were separated by Images of immunostaining in consecutive confocal z-sections were acquired and compiled to form an ag-Ͼ1 m from their nearest apparent neighbor (data not shown). The electron microscopy allowed us to reject gregate image (27.6 m ϫ 19 m; Figure 2B , top). To determine the likelihood that two boutons might appear the simplest alternative hypothesis that the Gaussian peak arose from pairs of boutons consistently and superimposed on each other, forming a single punctum when viewed along the z-axis, we analyzed the aggreclosely packed together like Siamese twins. Thus, we conclude that the great majority of puncta represent gate image, plotting vertically the aggregate intensity for each pixel in the x-y plane ( Figure 2B, bottom) . In individual boutons. The plot of immunofluorescence in Figure 2B is also this representation, puncta appear as cone-shaped peaks, as expected for the longer path length through relevant to questions about the spatial distribution of puncta. Clearly, some of the puncta are separated by 4 their centers. Multiple boutons at the same position in the x-y plane would give rise to peaks with correspondm or more from their nearest neighbors in any direction, while also belonging to the main Gaussian peak in Figure ingly larger intensities. One unusual peak, with roughly twice the height of the others, was probably two bou-2B. These are representative of puncta chosen for the local stimulation experiments that follow. The estimate tons, one on top of the other. With this exception, the heights of the peaks were fairly uniform, as expected if of near neighbor distances presents a worst case analysis for local stimulation experiments, since some of the they represented single boutons along the z-axis.
Further examination of the puncta focused on the puncta surrounding the site of stimulation may arise from boutons synapsing onto postsynaptic cells other distribution of the cones' maximal cross-sectional areas ( Figure 2C ). This analysis tested for the possibility that than the neuron subjected to whole-cell recording and would not interfere with the measured electrophysiologimultiple boutons sat so close to each other in the x-y plane that they merged into a single punctum. creased peak current size only slightly, with a noticeable Here, we summarize the main conclusions of this morslowdown of the decay phase (data not shown), probaphological analysis. First, ‫%08ف‬ of the fluorescently lably owing to the recruitment of additional glutamate beled puncta in a typical field of cultured hippocampal receptors from neighboring synapses. neurons can be accounted for by single boutons. SecWe carried out experiments to map the location of ond, these can readily be chosen for study in preference postsynaptic glutamate receptor clusters and to assess to a minority population of puncta, larger in area or the possible involvement of extrajunctional glutamate greater in intensity, that correspond to multiple boutons, receptors distributed along the dendrite (Figures 3C and tightly spaced. Third, one may readily find puncta corre-3D). For this purpose, we typically chose an iontophosponding to putative single boutons, isolated by Ͼ5 m retic current stimulus of ‫08ف‬ nA, sufficient to activate from neighboring presynaptic terminals synapsing onto ‫%57ف‬ of the maximal current ( Figure 3B ). The amplitude the same postsynaptic dendrite. These considerations of the response to the glutamate application was maxiprovide the justification for referring to fluorescently lamal when the pipette tip was aimed directly at the center beled puncta as "putative single boutons" in the experiof the FM1-43 dye spot and fell off rapidly with lateral ments that follow. movements along the dendrite ( Figure 3C) . Likewise, the time-to-peak of the postsynaptic current response Probing Properties of Postsynaptic Receptor increased as the pipette tip moved away from the site Clusters by Iontophoretic of dye staining, as expected for lateral diffusion to a Glutamate Application specific site of action. A plot of relative response magni-A direct approach to questions about possible postsyntude against distance was obtained by pooling data aptic receptor saturation and mechanisms of variability from multiple experiments ( Figure 3D ). The response relies upon the microapplication of exogenous glutadecayed e-fold for a displacement of ‫1ف‬ m. The residmate to an individual synaptic site. To deliver glutamate ual response at distances of Ͼ2 m can be attributed focally and rapidly, a micropipette filled with 150 mM Nato a slight spread of glutamate to receptors at nearby glutamate (pH 7, ‫001ف‬ M⍀) was positioned as closely synapses (e.g., Figure 2B ). These microstimulation exas possible to a putative single bouton identified by periments supported the ideas that functional postsyn-FM1-43 labeling, sometimes directly touching it, and a aptic glutamate receptors were highly colocalized with high-speed constant current source was used to deliver functional FM dye-labeled presynaptic terminals and a brief pulse of glutamate (1 ms) from the micropipette that the contribution of extrasynaptic glutamate receptors to glutamate-evoked current was minimal. This is tip. The currents evoked by the application of glutamate glutamate, raising the possibility that receptor saturation receptors were blocked with 5 M carboxypiperazinpropyl-prophonic acid (CPP). Figure 5A illustrates a might be approached in these cases. However, this conclusion depends on the effectiveness of the glutamate representative experiment in which a glutamate microapplication was imposed once every second at iontoapplication and the reliability of our estimate of maximal postsynaptic responsiveness, free of desensitization. phoretic current strengths that produced the half maximal response ‫05ف(‬ pA) and the near maximal response Since the iontophoretic application produced a rise in cleft glutamate concentration slower than that arising (averaging ‫001ف‬ pA). Histograms of peak current amplitude were constructed ( Figure 5B ) and indicated that from endogenous transmitter release, possible underestimation of the true peak responsiveness due to asynresponse size was quite consistent in both cases, with CVs of 0.12 and 0.07. In pooled experiments with rechronous activation and rapid desensitization was of obvious concern. However, it is important to note that . DNQX reduced the ratio to nearly the same extent, regardless of the strength of the glutamate stimulus, is a rapidly dissociating competitive antagonist, consistent with its low affinity. On the contrary, the rise time whereas ␥-DGG gave a much more severe block at low glutamate concentrations (80% block) than at high gluof glutamate-evoked current remained unchanged in the presence of 6,7-dinitroquinoxaline-2,3-dione (DNQX), a tamate concentrations (40% block). This approach was applied to unitary EPSCs evoked high-affinity antagonist, as expected for slow dissociation (data not shown).
by focal stimulation at single FM1-43-labeled spots (Figure 7) . If the variation of mEPSC size were due to the Having established that ␥-DGG and DNQX differ markedly with regard to dissociation kinetics, we examined variation of the concentration of glutamate in synaptic cleft, the efficacy of ␥-DGG should be inversely corretheir efficacy at varying agonist concentrations ( Figure  6F ). As expected, the greater the glutamate application, lated with the size of synaptic current, just as found for the application of exogenous glutamate ( Figure 6G ). the less the inhibition by ␥-DGG, in keeping with the rightward displacement of the stimulus-response relaHistograms of EPSC amplitudes were obtained in the absence of drug (CTRL), during exposure to ␥-DGG, tionship in the presence of the antagonist. The effect of ␥-DGG was fully reversed upon removal of the inhibitor and after its removal (REC). The shape of the amplitude distribution was more skewed in the presence of the (data not shown). The clear competition between glutamate and ␥-DGG is particularly noteworthy in light of antagonist than in either of the bracketing runs ( Figure  7A1) ; the smaller events that make up the bulk of the the brief duration of the glutamate application-only 1 ms. This provides a direct demonstration that the dissocontrol distribution were diminished by ␥-DGG to a significantly greater degree than the large events. This can ciation of ␥-DGG and association of glutamate are fast Figure 7A3 displays the ratio of EPSC amplitudes in ␥-DGG and in the absence of drug. The pected to cause a dilution of the antagonist concentration in the immediate vicinity of the synaptic bouton. greater the control EPSC amplitude, the larger the ratio, and, by inference, the higher the cleft glutamate concenAccordingly, no reliance was ever placed on the absolute concentration of [␥-DGG]. We checked carefully to tration. Figure 7B shows another experiment which compared be sure that there were no large variations in the ␥-DGG concentration over the period when the vast majority of the effect of ␥-DGG with that of the slowly dissociating antagonist DNQX. Under the influence of DNQX, the unitary events were collected, since deviations from near steady conditions would invalidate the analysis. In distribution of unitary EPSC amplitudes was simply scaled along the amplitude axis ( Figure 7B1 ). Accordfact, the unitary events were largely restricted to the last 500 ms of the 900 ms puffer application (Liu and Tsien, ingly, the normalized amplitude distribution for DNQX was virtually coincident with normalized distributions 1995a, Figure 1E ; Liu and Tsien, 1995b, Figure 2) , when the ␥-DGG concentration at glutamate receptors would from a bracketing run in the absence of drug ( Figure  7B2) , and the ratio of response amplitudes in correbe expected to approach a near steady-state. In an empirical test of the near constancy of [␥-DGG], we sponding bins was essentially constant regardless of the initial EPSC amplitude ( Figure 7B3 ). This stood in divided the evoked mEPSCs into two nearly equal groups, before 720 ms (mostly from 500-720 ms) and blocker of AMPA receptors. The second approach was readily extended to glutamatergic transmission in hippoafter 720 ms. When analyzed separately, the two groups showed a virtually identical ratio of block by ␥-DGG campal slices. Both strategies provided strong and mutually consistent evidence that glutamate receptors ( Figure 7D) , as if the drug concentration had indeed achieved a steady-state before the presynaptic termiwere generally far from saturation during quantal transmission and that variations in [glu] cleft were the main nals were sufficiently depolarized to initiate vesicular release. Thus, ongoing changes in ␥-DGG concentration source of variability in EPSC size. were not a significant factor in the analysis of mEPSC amplitudes. kinetic model for their interactions with the AMPA recepWe found that EPSCs responded with strikingly different tor, one should be able to predict the variation of peak patterns to the low-affinity, rapidly equilibrating antagoglutamate concentration needed to generate the range nist ␥-DGG and the high-affinity, slow off-rate antagonist of ␥-DGG efficacy. The biggest obstacle for this type DNQX (Figure 7) . With ␥-DGG, the antagonism of the of calculation is uncertainty about the stoichiometry of biggest EPSCs was Ͻ30%, much milder than that for glutamate binding to the AMPA receptor. Up until resmaller synaptic events, which ranged up to 55%. Such cently, it has been widely assumed that the AMPA recepa disparity was not seen for DNQX. The pattern of retor, like the nicotinic acetylcholine receptor, has two sponses of EPSCs to the two blockers matched those agonist binding sites and that occupancy of both sites obtained with graded applications of glutamate to putaby transmitter is required for channel opening. However, tive individual postsynaptic sites ( Figure 6G 
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